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Abstract 
The charge relaxation processes in the films based on polyimide and polytetrafluoroethylene (the latter serves as a coating) 
have been studied. The coating effect on the charge relaxation processes in the films under high humidity conditions was 
revealed. The obtained experimental data was analyzed in the context of the present-day knowledge of the charge relaxation 
mechanism. The complex spectra of the thermally stimulated depolarization currents (TSDC) were resolved into individual 
components described by the first-order kinetics equations using computer simulation. The TSDC activation energies were 
calculated and interpreted in terms of the mechanism of release of charge carriers. It was shown that the polytetrafluo- 
roethylene coats on film surfaces lead to an essential increase in the electret state stability at elevated temperature and high 
humidity. 
Copyright © 2016, St. Petersburg Polytechnic University. Production and hosting by Elsevier B.V. 
This is an open access article under the CC BY-NC-ND license. ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
Keywords: Polyimide; Modification; TSDC; Trap; Simulation; Coronoelectret. The processes of charge accumulation and relax- 
ation in dielectrics have been the subject of persistent 
interest of researchers in the recent years. This is pri- 
marily due to the fact that electro-physical phenomena 
such as space charge and interlayer polarization, ab- 
sorption, aging, breakdown, and the electret effect are 
closely connected to these processes. 
Since polymer electrets are increasingly used in 
many areas of science and technology, it stands to 
reason that attempts are made to slow the charge 
relaxation processes in electrets, mainly by introduc- ∗ Corresponding author. 
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(Peer review under responsibility of St. Petersburg Polytechnic University)ing particulate fillers or by modifying the surface of 
the polymer in order to increase the stability of the 
electret state. 
The use of polyimide films in electret devices is 
limited by their high sensitivity to ambient humidity 
[1,2] . Modifying the dielectric to enhance their water 
resistance should extend their field of application. 
The goal of this study is to establish the effect of 
moisture on the charge relaxation processes in modi- 
fied polyimide (PI) films with single- and double-sided 
polytetrafluoroethylene (PTFE) coatings. 
The objects of the study were industrial FPI-1 and 
FPI-2 films (polyimide films with single- and double- 
sided fluoroplastic coatings, respectively), which are ction and hosting by Elsevier B.V. This is an open access article 
nc-nd/4.0/ ) 
. 
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 used for slot and winding insulation of low-voltage
electrical machines. 
In view of the above-noted industrial application it
would seem practical to investigate the effect of the
PTFE coating in FPI-1 and FPI-2 materials on the
stability of the electret state under high humidity. 
Raju established in [1] that the maximum hydration
degree of polyimide exposed to an environment with a
98% humidity was 2.3%. This result agrees well with
our data obtained earlier, and was taken into account
when choosing the experimental conditions. 
The first set of FPI-1 and FPI-2 films was heated
at 140 ºC for one hour to remove moisture and resid-
ual charge. The second set of the same films was ex-
posed for 24 h at a 98% humidity. All films were then
charged by a corona discharge with a negative polar-
ity of corona electrode under normal environmental
conditions. 
It is well-known (see, for example, Ref. [3] ) that
during this charging, the ions generated by the gas
discharge exchange charges with the surface of the
polymer film by the Auger neutralization mechanism,
and a homo- charged electret is formed. The charge
carriers are localized in traps in a thin surface layer
of the dielectric. 
Electric charge relaxation in heated and hydrated
films was studied by thermally stimulated depolariza-
tion currents (TSDC) with the samples heated at a
constant rate β= dT / dt = 2 K/min. TSD currents were
measured under a blocking contact; an insulating layer
made of polytetrafluoroethylene film (40 μm) was
placed on the charged surface of the film. The di-
rection of the current in case of poor contact corre-
sponded to the motion of charged particles through the
electret bulk. 
Comparing the TSDC spectra ( Fig. 1 ) of the heated
and the hydrated polyimide films revealed that hydra-
tion leads to the peak current temperature shifting by
55 K towards lower temperatures. This is likely ex-
plained by the fact that the water molecules in the
bulk of the polyimide interact with benzene rings and
impurity COOH groups; as a result, negatively charged
hydrogen vacancies (in rings and СОО– groups) and
positively charged NH + groups form, acting as free
charge carriers providing higher conductivity [4] . The
presence of water molecules also creates new trapping
levels for the charge carriers. Water absorption oc-
curs both on the surface and in the bulk of polyimide
[6] . 
We have analyzed the TSDC spectra from the
standpoint of the theory on the superposition of dis-
crete peaks 
∑ n 
1 , 2, 3 J n described by first-order kineticequations [5] . In this case, the value of the TSDC
density J TSD for each peak can be expressed by 
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where ε lay and h lay are the dielectric constant and the
thickness of the insulating layer; k is Boltzmann con-
stant; T 0 and T’ are the initial and the final tempera-
tures, respectively; T m is the temperature in the current
density peak J m ; ε and h are the dielectric permittivity
and the thickness of the tested film; U e0 is the initial
value of the potential difference in the electret; τm is
the relaxation time at peak temperature, and ε 0 is the
dielectric constant. 
The relaxation time is described by the expression 
τ = τm exp 
(
W 
kT 
− W 
k T m 
)
. 
The calculations are based on the characteristic val-
ues of the peak current density J m and the peak tem-
perature T m , which are determined from the experi-
mental TSDC data; the value of the activation energy
W varies in this case. 
The experimentally measured spectra of the hy-
drated and the heated polyimide films have a complex
behavior, even though they look like a curve with a
single peak. The results of the calculations obtained
by the above-described simulation technique are listed
in Table 1. 
Our results prove that the TSDC density spectrum
of the hydrated PI film contains not one (experimen-
tally obtained), but two peaks ( J 21 , J 22 ). It can be
seen that after film samples were hydrated, the value
of the activation energy of the main peak in the de-
composition of the TSDC spectrum decreased from
W 11 =1.25 eV to W 22 =0.52 eV. 
Interpreting the results obtained should be based on
those of Ref. [7] , where it was revealed by dielectric
190 A.M. Kamalov, M.E. Borisova / St. Petersburg Polytechnical University Journal: Physics and Mathematics 2 (2016) 188–192 
Fig. 1. Experimental (lines) and simulated (dots) TSDC spectra for the heated ( 1 ) and the hydrated ( 2 ) polyimide films; the components of 
the obtained decomposition of these spectra for the heated ( 11 , 12 ) and the hydrated ( 21 , 22 ) films are shown. 
Table 1 
The main parameters of the TSDC spectra decomposed into ele- 
mentary peaks in polyimide films subjected to different conditions. 
Calculated maxima (peaks) J m ٠10 –8 , A/m 2 T m , K W , eV 
Heated PI film 
J 11 6.80 404 1 .25 
J 12 5.20 420 1 .40 
Hydrated PI film 
J 21 4.25 353 0 .52 
J 22 0.91 375 0 .60 
Hydrated FPI-2 film 
J 31 0.63 318 .0 0 .54 
J 32 0.20 364 .0 0 .55 
J 33 2.75 436 .3 1 .45 
J 34 1.00 451 .5 1 .70 
Notations: J m is the maximum TSDC density, T m is the temperature 
at J m , W is the TSDC activation energy. spectroscopy that hydrating the polyimide film causes 
a low-temperature peak, induced by water sorption, to 
emerge on the ε ′′ (T ) curve. 
We have identified two different regions of the 
polyimide molecule. In our opinion, water molecules 
can attach to both ether oxygen atoms and to the car- 
bonyl group of polyimide molecules. As they emerge, 
these bonds provide additional traps for charge carriers 
in polyimide. [8] 
Thus, the moisture interacting with the molecules 
of the studied polymer creates additional traps for the charges; these traps are emptied as water leaves 
the film under heating. This effect causes the change 
we detected in the value of the TSDC activation 
energy. 
Fig. 2 compares the experimental spectra of the 
studied materials after hydration. It can be seen that 
the spectrum of the polyimide film coated on both 
sides (FPI-2) has three peaks. The main region of 
charge relaxation in this film has a higher temper- 
ature than the PI and FPI-1 films. This indicates a 
higher thermal stability of the electret state in the 
FPI-2 film. Therefore, a two-sided PTFE coating de- 
posited on the polyimide film protects it from the 
penetration of moisture. Two slight peaks appear at 
relatively low temperatures of 318 and 365 K, which 
indicates a more complex mechanism of charge ac- 
cumulation and relaxation, apparently related to the 
emergence of additional charge trapping levels under 
hydration. 
The main parameters of the elementary peaks 
obtained by decomposing the experimental TSDC 
spectrum in the hydrated FPI-2 film are listed in 
Table 1 (the respective spectrum is shown in Fig. 3 ). 
Comparing the activation energies obtained from 
the TSDC spectra in hydrated PI and FPI-2 films (see 
Table 1 ) suggests that low-temperature peaks J 21 and 
J 31 , and J 22 and J 32 have similar values W i . This result 
can be associated with the identical water absorption 
processes in the polyimide layer. The activation en- 
ergy values corresponding to the J 33 and J 34 peaks are 
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Fig. 2. Experimental TSDC spectra of hydrated PI (I), FPI-1 (II) and FPI-2 (III) films. 
Fig. 3. Experimental (solid line) and simulated (dotted lines) TSDC spectra in the hydrated FPI-2 film; components ( 31 –34 ) of the spectral 
decomposition performed are shown. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 apparently due to the presence of trapping levels in the
PTFE coating. 
Conclusions 
The study we conducted allows to conclude that
the presence of a polytetrafluoroethylene coating en-
hances the electret effect in FPI-2 films in high humid-
ity conditions. This is due to the fact that the fluorine-
containing coating protects the polyimide against the
penetration of moisture. Therefore, the polyimide film
coated by polytetrafluoroethylene on both sides (FPI-
2) can be used in electret devices not only at elevated
temperatures, but at high ambient humidity. 
The analysis of the TSDC spectra revealed that the
charge in FPI-2 films accumulated in shallow traps
corresponding to the activation energy of 0.54–0.55 eV,
and in deep traps with the activation energy of 1.45–1.70 eV. Deep traps ensure a high thermal stability of
the electret state. 
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